oskar mRNA localization at the oocyte posterior pole is essential for correct patterning of the Drosophila embryo. Here we show at the ultrastructural level that endogenous oskar ribonucleoprotein complexes (RNPs) assemble sequentially with initial recruitment of Hrp48 and the exon junction complex (EJC) to oskar transcripts in the nurse cell nuclei, and subsequent recruitment of Staufen and microtubule motors, following transport to the cytoplasm. oskar particles are non-membrane-bound structures that coalesce as they move from the oocyte anterior to the posterior pole. Our analysis uncovers a role for the EJC component Barentsz in recruiting Tropomyosin II (TmII) to oskar particles in the ooplasm and reveals that TmII is required for kinesin binding to the RNPs. Finally, we show that both kinesin and dynein associate with oskar particles and are the primary microtubule motors responsible for transport of the RNPs within the oocyte.
INTRODUCTION
mRNA localization is a powerful, evolutionarily conserved, and highly prevalent mechanism for spatially and temporally restricting protein synthesis to specific cytoplasmic locations within eukaryotic cells and in many organisms underlies the asymmetric segregation of cell-fate determinants during development (St Johnston, 2005; Martin and Ephrussi, 2009 ). In Drosophila, localization of bicoid, gurken, and oskar (osk) mRNAs to anterior, dorsal, and posterior regions of the oocyte determines the future body axes of the fly. osk mRNA encodes the posterior determinant Osk protein, a potent inducer of abdominal structures and germ cells in the embryo, and its localization and translation at the posterior pole of the oocyte are essential for proper development of the fly (Lehmann and Nusslein-Volhard, 1986; Ephrussi et al., 1991; Kim-Ha et al., 1991; Ephrussi and Lehmann, 1992) .
The Drosophila oocyte develops in a syncytium of 16 germline cells surrounded by a somatic epithelium. The 15 nurse cells support the development of the oocyte and are presumed to transcribe osk mRNA, which is transported through ring canals into the oocyte in a process involving Bicaudal D, Egalitarian, and dynein (Navarro et al., 2004) . osk mRNA localization is dynamic and evolves during the 14 stages of oogenesis. Light microscopy analysis has shown that osk mRNA is uniformly dispersed in the ooplasm during early oogenesis (stages 1-6). At mid-oogenesis (stage 8), the mRNA is transiently enriched in the center of the oocyte (Cha et al., 2002) , then accumulates at the oocyte posterior pole (stage 9), where it persists throughout oogenesis and early embryogenesis (Ephrussi et al., 1991; Kim-Ha et al., 1991) . osk mRNA transport from the nurse cells both into the oocyte and to the oocyte posterior pole are microtubule (MT)-dependent, as osk localization fails in flies fed MT-depolymerizing drugs (Theurkauf et al., 1993) .
Although the three-dimensional organization of the MT cytoskeleton in the egg chamber is complex and not well understood, it is generally accepted that MTs undergo important rearrangements during oogenesis (Januschke et al., 2006) . From stages 2 to 7, a centrosome located at the oocyte posterior pole appears to nucleate MTs that extend from the oocyte into the adjacent nurse cells (Theurkauf et al., 1993) . At stage 7/8, the oocyte MTs depolymerize and a new array is established, with the MT minus ends concentrated along the oocyte anterior and lateral cortex and plus ends focused toward the posterior pole (Clark et al., 1994) , forming an anterior-to-posterior gradient (Theurkauf et al., 1993) .
Different models have been proposed to explain osk mRNA transport within the oocyte. osk localization fails in kinesin heavy chain (khc) mutants, suggesting that the mRNA is actively transported by kinesin along MTs to the posterior pole (Brendza et al., 2000) . This simple model was challenged by Cha et al. (2002) , who observed that osk mRNA is distributed evenly around the oocyte cortex in khc null mutants and that only a low density of MT is detected at the posterior pole. These findings led to a two-step model whereby, in a first step, kinesin drives osk mRNA away from the MT-rich anterior and lateral cortex to the center of the oocyte; and in a second step, a still unclear mechanism would then mediate the selective accumulation of the mRNA at the posterior pole. Studying khc hypomorphic alleles in which the speed of the motor is drastically reduced, Serbus and coworkers (2005) provided evidence that kinesin controls both steps, namely the transient central enrichment and the subsequent translocation of osk mRNA to the posterior pole. However, a recent live-imaging study questioned these models (Zimyanin et al., 2008) . Based on the tracking of MS2-GFP-tagged osk in wild-type (WT) and mutant oocytes, it was proposed that the mRNA moves to the posterior pole in a 
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kinesin-dependent manner by a slightly biased random walk along a weakly polarized cytoskeleton. Importantly, although Khc has been implicated in osk mRNA transport, association of Khc with osk transport particles has never been shown. It is indeed possible that the requirement for Khc is indirect: other processes such as ooplasmic streaming are also kinesin dependent (Brendza et al., 2002; Palacios and St Johnston, 2002) and could in principle be responsible for osk localization. It has also been proposed that osk mRNA is not directly linked to the kinesin motor but rather is transported in association with membranebound structures to the posterior pole (Cohen, 2005) . Moreover, it is not clear if Khc is the only motor involved in osk mRNA transport within the oocyte or if additional motor proteins have an active role in this process. Assembly of osk transport ribonucleoprotein complexes (RNPs) is thought to begin in the nurse cell nuclei, as both splicing of the first osk intron and all four core components of the exon junction complex (EJC) are required for osk localization Ephrussi, 2001, 2004; Mohr et al., 2001; Newmark and Boswell, 1994; Palacios et al., 2004; van Eeden et al., 2001) . However binding of the EJC to osk has not been demonstrated. The RNA-binding proteins Hrp48 and Staufen (Stau) are also required and have been inferred to associate with the mRNA in vivo (Huynh et al., 2004; Micklem et al., 1997; St Johnston et al., 1991) . Finally, the actin-binding protein TropomyosinII (TmII) is essential for osk localization, suggesting that actin fibers may also have a role in osk mRNA transport (Erdelyi et al., 1995) . Although genetics has shown that these proteins are involved in osk localization, if and where they associate with the mRNA has been unclear.
A precise understanding of the hierarchy of RNA particle assembly and of the molecular mechanisms mediating osk mRNA transport requires high-resolution visualization of the endogenous mRNA in its native cellular environment. In this study, we have analyzed osk mRNA transport by coupling in situ hybridization with cryoimmuno-electron microscopy (ISH-EM), a technique that was recently developed to detect gurken mRNA in Drosophila oocytes (Delanoue et al., 2007) . We first detect endogenous osk mRNA in the nuclei of the nurse cells and observe the successive recruitment of proteins required for its cytoplasmic transport. We show that osk particles are non-membrane-bound structures that coalesce as they move from the oocyte anterior to the posterior pole. Our analysis uncovers a role of the EJC component Btz in TmII recruitment to osk particles in the ooplasm and reveals that TmII is selectively required for kinesin binding to the RNPs. Finally, we show that both kinesin and dynein are associated with osk particles and that they are the primary MT motors responsible for transport of the RNPs within the oocyte.
RESULTS

Visualization of Endogenous osk Transport Particles by ISH-EM
To characterize the cellular structures involved in osk mRNA transport, we first focused our analysis on WT oocytes. Fluorescence in situ hybridization (FISH) indicates that, at stage 8, osk mRNA accumulates transiently in the center of the oocyte (Figure S1A available online; Cha et al., 2002) . ISH-EM analysis revealed that, at this stage, endogenous osk molecules are mostly concentrated in the oocyte center, in slightly electrondense particles of variable size (Figures 1A and 1B ; Table S1 ). Control experiments confirmed the specificity of the osk mRNA labeling (see Supplemental Data). osk mRNA was also observed in small particles at the anterior ( Figure S1B ; Table S1 ) and along the lateral cortex of the oocyte ( Figure S1C ; Table S1 ). In contrast, no osk-containing particles were detected at the posterior pole ( Figure S1D ). Importantly, this analysis clearly shows that the particles are neither surrounded by membranes nor associated with any specific intracellular organelle.
At stage 9, the bulk of osk mRNA is localized in a tight crescent at the posterior pole, when visualized by FISH ( Figure S2A ; Ephrussi et al., 1991; Kim-Ha et al., 1991) . At the ultrastructural level, we detected few particles at the oocyte anterior ( Figure S2D ; Table S1 ), at the lateral cortex ( Figure S2E ; Table  S1 ), or in the center of the oocyte ( Figure S2F ; Table S1 ). Most of the mRNA was found concentrated at the very posterior pole, within large electron-dense structures we refer to as aggregates, as they appear to originate from the coalescence of large osk particles ( Figures 1C, 1D , S2B, and S2C; Table S1 ). Notably, the vast majority of individual particles detected in this area were large (Figure 1C , arrowheads; Table S1 ), suggesting that large particles mediate the last phase of mRNA transport from the oocyte center to the posterior pole. The majority of osk aggregates were interspersed between tubular and vesicular structures resembling those recently identified as part of the endocytic compartment (Vanzo et al., 2007) , whereas others were in close proximity to tubular structures of the endoplasmic reticulum (ER), Golgi stacks, and mitochondria.
At stage 10, osk mRNA was observed almost exclusively at the posterior in aggregates ( Figure 1F ; Table S1 ) that appear to form a continuum throughout the area located between the yolk-rich cytoplasm and the tubular invaginations of the plasma membrane. We also noted that the mRNA aggregates are often physically continuous with other electron-dense structures that are not positively labeled for osk mRNA yet resemble polar granules ( Figure 1D , see arrows). Remarkably, osk mRNA and Osk protein, a polar granule marker (Vanzo et al., 2007) , are enriched on adjacent, but distinct cellular structures ( Figure 1E ).
We next examined the distribution of osk in the nurse cells. During stages 8, 9, and 10, a few small osk RNPs were detected in the cytoplasm, as well as in the nuclei of the nurse cells (3.3 ± 0.3 particles per field (see Experimental Procedures; Figures 2F and 2G) . No mRNA labeling was observed in the oocyte nucleus (see Figure 7B ), thus providing evidence that osk mRNA synthesis is restricted to the nurse cells. The scarcity of osk RNPs present in nurse cells suggests that either the bulk of osk is already transported into the oocyte by stage 8 or that particle transport from the nurse cells into the oocyte is a rapid and efficient process. (Huynh et al., 2004; St Johnston et al., 1991; van Eeden et al., 2001; Yano et al., 2004) . ISH-EM of WT oocytes at stages 8 and 9 revealed that Hrp48 ( Figures S4A-S4C ), Btz ( Figures  S4D-S4F ), and Stau ( Figures S4G-S4I ) colocalize with osk RNPs at the lateral cortex ( Figures S4A and S4D , arrows; Table  S2 ), in the center ( Figure S4G , see arrows; Table S2 ), and also with osk aggregates at the posterior pole of the oocyte ( Figures  S4B, S4E , and S4H). These results indicate that these three proteins are components of the osk transport complex.
To assess where Hrp48, Btz, and Stau are first loaded onto osk RNPs, we analyzed their distribution relative to osk mRNA within the nurse cells. Hrp48 and osk mRNA colocalize in small particles both in the nuclei and in the cytoplasm of the nurse cells ( Figure S4C , arrows; Table S2 ), showing that Hrp48 first associates with osk mRNA in the nuclei of the nurse cells. Only 18% of osk particles are associated with Btz in nurse cell nuclei (not shown; Table S2 ), whereas 78% of osk RNPs colocalize with Btz in the nurse cell cytoplasm (Figure S4F , arrows; Table S2 ). This suggests that Btz predominantly associates with osk RNPs in the cytosol or that, upon Btz binding, osk mRNA is rapidly exported from the nucleus. In contrast, Stau was exclusively detected in the cytosol, where it colocalizes with osk particles ( Figure S4I , arrows; Table S2 ), indicating that it is loaded onto the RNPs after nuclear export.
osk Particles Associate with Microtubules and Contain Both Kinesin and Dynein Evidence of a direct association of osk RNPs with MTs and motor proteins is lacking due to the limited resolution of immunofluorescence microscopy. Double-labeling of stage 8 oocytes for osk mRNA and a-tubulin revealed that nearly 90% of osk RNPs in the ooplasm are either associated with or located within 100 nm of the nearest MT. Although MTs are difficult to visualize by cryoimmuno-EM, aligned gold particles reveal the presence of MTs. When the plane of section was parallel to the MT, we observed osk particles lying on (Figure 2A ), or in some cases wrapping around, the MT ( Figure 2B ). Colocalization of osk RNPs and MTs was also observed in stage 9 oocytes, including at the posterior pole ( Figure 2C ). Specificity of the labeling was confirmed by the virtual absence of gold particles from yolk granules ( Figures 2A, 5D , and 6D) and nurse cell nuclei (not shown).
The binding of transport carriers, membranous organelles, and even RNA particles to MTs is for the most part mediated by the two MT motor proteins, kinesin and dynein (Bullock et al., 2006; Delanoue et al. 2007; Hirokawa, 1998) . Kinesin and dynein have been shown to enrich at the posterior pole of WT Drosophila oocytes, suggesting that both may travel with osk mRNA to the posterior pole (Brendza et al., 2002; Li et al., 1994) . However, an association of osk RNPs with motor proteins has never been demonstrated, either by microscopy or biochemical copurification.
In stage 8 oocytes, Khc colocalizes with nearly 90% of osk RNPs in the center (Figure 2D , arrows; Table S2 ), at the anterior ( Figure S5A , arrows), and at the lateral cortex (not shown) of the oocyte. At stage 9, in agreement with published data (Brendza et al., 2002) , Khc is mostly enriched at the posterior pole, where it colocalizes with osk aggregates ( Figure S5B ). Although kinesin is involved in multiple intracellular transport processes, our immuno-EM analysis revealed that nearly all the kinesin we detected is associated with osk RNPs. This presumably reflects the enrichment of kinesin on osk particles relative to other structures, as additional cytoplasmic labeling was observed with higher antibody concentrations ( Figure S6 ; Table S3 ). Moreover, the labeling of kinesin is clearly specific, as only low-level uniform labeling of cytosol and osk mRNA particles was observed in kinesin null (khc 27 ) oocytes ( Figure S6 ; Table S3 ). We next assessed whether dynein is a component of osk RNPs by labeling sections with an anti-Dhc antibody (Li et al., 1994) . ISH-EM revealed that during stage 8, Dhc is associated with 84% of osk particles in the center (Figure 2E , arrows; Table S2 ), at the anterior ( Figure S5C , arrows), and at the lateral cortex (not shown) of the oocyte; at stage 9, Dhc colocalizes with osk aggregates at the posterior pole ( Figure S5D , arrows). Triple-labeling for osk mRNA and the two motors confirmed that the mRNA associates simultaneously with kinesin and dynein (Figures S5E and S2F) . Moreover, it revealed a 6.3-and 4.9-fold enrichment of Khc and Dhc, respectively, on osk RNPs relative to ooplasm (Table S3) .
To date, the MT minus-end motor, dynein, has been implicated as the sole motor transporting RNPs from the nurse cells into the oocyte, irrespective of the stage of oogenesis and the orientation of the MT cytoskeleton (Clark et al., 2007; Mische et al., 2007) . In contrast, the plus-end motor kinesin has been considered the main motor for osk transport within the oocyte during mid and late oogenesis. To evaluate where kinesin and dynein are first loaded onto osk particles, we examined the localization of the mRNA and the motors in the nurse cells. Remarkably, whereas Dhc colocalized with 89% of osk particles in the nurse cell cytoplasm (Figure 2G , arrows; Table S2 ), Khc was also present on 86% of the particles (Figure 2F , arrows; Table  S2 ). No labeling of the motor proteins was detected in the nurse cell nuclei, further confirming the specificity of the signal ( Figures  2F and 2G) .
In summary, our EM analysis shows that osk RNPs are associated with MTs, kinesin, and dynein in the cytoplasm of the nurse cells and the oocyte. Although the exact nature of the association of the motors with osk mRNA remains to be determined, 
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these data provide evidence that osk RNPs are coupled to the MT motors thought to be responsible for their transport.
Dynein Transports osk mRNA to the Oocyte Cortex in the Absence of Kinesin To further dissect the role of Khc in osk transport, we combined electron microscopy and live-cell imaging to examine osk mRNA particle assembly and transport in khc 27 null mutant oocytes (Brendza et al., 2000) . Using immunofluorescence, we observed that the central accumulation of osk mRNA in WT stage 8 oocytes was absent from khc 27 oocytes ( Figure 3A ; Cha et al., 2002) and, instead, the mRNA was dispersed uniformly throughout the ooplasm. From stage 9 onward the mRNA was found concentrated around the cortex ( Figure 3A) , where the MT minus ends are enriched (Cha et al., 2002; A.T. and A.E. unpublished data) . At the ultrastructural level osk was detected mostly around the oocyte cortex ( Figure 3B ), including the oocyte anterior and posterior poles ( Figures S7A and S7C ), and few particles were present in the center ( Figure S7B ). As in WT oocytes, particles at the anterior were small (Table S1 ). However, the size of the osk particles was considerably reduced in the center and at the posterior pole of khc 27 , compared with WT oocytes (Table  S1 ). Thus, in khc 27 , the particles transported away from the anterior undergo only partial coalescence in the center of the oocyte and fail to form large aggregates at the posterior pole.
The localization of osk mRNA at the cortex in khc 27 oocytes could result either from active MT-dependent transport or from passive diffusion of the mRNA and entrapment at the cortex. We therefore analyzed the distribution of osk mRNA in WT and khc 27 stage 9 oocytes whose MT cytoskeleton was disrupted by feeding colchicine to flies. In both control and mutant oocytes, the mRNA was dispersed diffusely throughout the ooplasm ( Figures S7E and S7F) , showing that the cortical accumulation of osk in khc 27 oocytes is the result of active, MT-based transport.
We next evaluated the association of osk RNPs with MTs and Dhc in khc 27 oocytes. As in WT oocytes, nearly 90% of the osk particles were in close proximity to MTs ( Figures 3C and 3D ) and Dhc colocalized with 90% of osk RNPs at the cortex ( Figure 3E , arrows), in the center, and at the anterior of khc 27 oocytes (not shown), revealing that dynein is recruited independently of kinesin to osk RNPs. To demonstrate that, in the absence of kinesin, dynein mediates the transport of osk mRNA to the lateral cortex, we injected anti-Dhc antibody into khc 27 stage 9 oocytes, then performed time-lapse imaging to follow the dynamic movements of oskMS2-GFP particles. The antibody was effective in blocking dynein function, as its injection induced premature streaming in WT oocytes, as previously described for anti-Dhc and antiDic antibodies (Movies S1 and S2; Serbus et al., 2005) . Analysis of uninjected khc 27 oocytes revealed a small but significant fraction (16.7% ± 1.2%) of oskMS2 particles still able to make long linear runs in the absence of Khc (Movie S3; Figures S8C and S8F; Table S4 ). In contrast, 20 min after antibody injection into khc 27 oocytes, the fraction of linearly moving particles decreased to 10.4% ± 1.5% and no long displacements were observed (Movie S4; Figures S8D and S8F ; Table S4 ). To estimate the motile capacity of the RNPs, we calculated the mean linear displacement (MLD) (see Experimental Procedures). Upon injection of anti-dynein antibody, the MLD dropped to about one-third of that observed in uninjected oocytes (166 ± 16 nm/min versus 69 ± 10 nm/min), confirming the inhibitory action of the antibody (Table S4 ). The observed change is due to the decrease both in the fraction of motile particles (16.7% ± 1.2% versus 10.4% ± 1.5%) and in the mean track length (1046 ± 47 nm versus 697 ± 30 nm) (Table S4 ). In control khc 27 oocytes injected with anti-HA antibody, we detected no change in motility when compared to uninjected oocytes (177 + 8 nm/min versus 169 + 17 nm/min; uninjected and injected, respectively) (Movie S5; Figures S8E and S8F; Table S4 ). To determine if the residual motility observed in khc 27 oocytes after antibody injection is the result of a third motor protein carrying osk RNPs along MTs or to another process (i.e., passive limited diffusion of particles in the ooplasm, triggered by the dumping of nurse cell cytosol into the oocyte), we analyzed oskMS2 RNP motility in WT oocytes after colchicine treatment (Movie S6; Figures S8B and S8F ). The measured values for MLD, mean track length, and fraction of moving particles in the colchicine-treated WT oocytes did not differ significantly from those in khc 27 oocytes after anti-dynein antibody injection (Table S4) . These results strongly suggest that dynein is an active component of the RNPs and that Khc and Dhc are the primary MT motors directly involved in osk particle transport.
Dhc was also associated with osk RNPs in the cytoplasm of the nurse cells, thus explaining the efficient transport of the mRNA from the nurse cells into the oocyte in khc 27 oocytes (Figure S7D , arrows; Table S2 ). Furthermore, double-labeling experiments revealed that the loading of Hrp48, Btz, and Stau onto osk particles in both the nurse cells and the oocyte is normal ( Figures 3F-3H , see arrows; data not shown; Table S2 ). These findings indicate that kinesin is not required for the stable association of these proteins with osk mRNA.
TropomyosinII Is Required for Khc Association with osk RNPs TmII is required for osk mRNA localization (Erdelyi et al., 1995) . To gain some insight into the role of TmII in this process, we first examined its distribution in egg chambers at the ultrastructural level. TmII labeling was widely distributed throughout the ooplasm ( Figure 4A ) and nurse cells of WT oocytes (not shown) but was not observed on mitochondria or yolk granules and was strongly reduced in TmII gs1 oocytes ( Figure S9A ). Remarkably, TmII was detected on nearly all osk RNPs in the ooplasm and showed little association with particles in the nurse cells ( Figure 4A ; data not shown; Table S2 ), demonstrating that (C and D) Double-labeling of osk mRNA (10 nm) and a-tubulin (15 nm) shows that osk RNPs associate with MTs. This association is presumably mediated by dynein (15 nm), which colocalizes with osk RNPs (E, arrows, 10 nm). The loading of Hrp48 (F, arrows, 15 nm), Btz (G, arrows, 15 nm), and Stau (H, arrows, 15 nm) on osk transport particles (10 nm) is not affected in khc 27 oocytes. 
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some proteins are recruited to osk mRNA after its entry into the oocyte. We next analyzed osk localization in TmII gs1 oocytes by FISH and ISH-EM. As in the khc 27 mutant, osk failed to enrich at the posterior pole and was mainly detected around the cortex of stage 9 TmII gs1 oocytes ( Figure 4B ). The enrichment of osk at the cortex is mediated by active MT-dependent transport, as feeding TmII gs1 flies with colchicine resulted in a diffuse osk staining in the ooplasm ( Figure S7G) Table S1 ). Moreover, osk mRNA aggregates were never observed at the posterior pole, indicating that TmII is required for osk transport rather than anchoring. It was recently proposed that TmII might be involved in loading of the EJC onto osk RNPs (Zimyanin et al., 2008) . Doublelabeling of TmII gs1 mutant oocytes for osk mRNA and Btz revealed that the loading of this EJC component on osk mRNA is normal ( Figure S9E ; Table S2 ). Similarly, the association of Hrp48 ( Figure S9D ; Table S2 ) and Stau ( Figure S9F ; Table S2 ) with osk RNPs was comparable in TmII and WT oocytes. These data show that the first steps in osk particle assembly are normal in TmII mutants, indicating that TmII acts at a later step in osk transport to the posterior pole. We next analyzed the association of osk mRNA with MTs, kinesin, and dynein. Strikingly, ISH-EM revealed that 87% of osk particles are associated with both MTs (Figures 4D and 4E ) and Dhc (Figure 4G , arrows; Table S2 ), but that only 16% colocalize with Khc ( Figure 4F , see arrows; Table S2 ). TmII showed a normal association with osk mRNA particles in khc 27 oocytes, confirming that TmII acts upstream of kinesin ( Figure S9G ). Furthermore, the binding of Khc and Dhc to MT was normal in TmII gs1 oocytes (compare Figures S9H and S9I to S9J and S9K) . Therefore, TmII is specifically required for recruitment or stability of kinesin on osk RNPs. The stable association of dynein, a minus-end motor, with osk particles in TmII oocytes therefore can explain the accumulation of osk at the oocyte cortex.
Hrp48 Regulates osk RNP Association with Microtubules and Motors
The RNA-binding protein Hrp48 is essential for posterior localization of osk in the oocyte (Huynh et al., 2004 ; Figure 5A ). Analysis of hrp48 7E7-18 mutant oocytes at the ultrastructural level revealed a uniform distribution of small osk RNPs throughout the oocyte, suggesting a defect in particle integrity ( Figures 5B, 5C , S10A, and S10B; Table S1 ). However the association of Btz ( Figure S10C ; Table S2 ), Stau ( Figure S10D ; Table S2 ), and TmII (not shown; Table S2 ) with osk RNPs appeared normal in the mutant, indicating that EJC deposition and binding of Stau and TmII occur independently of Hrp48 function, implying an involvement of the protein in mRNA particle coalescence. We next investigated the association of osk mRNA particles with MTs, kinesin, and dynein in the oocyte cytoplasm. Only 14% of the particles colocalized with Khc ( Figure 5E ; Table  S2 ), 11% with Dhc ( Figure 5F ; Table S2), and only 12% were in close proximity to MTs ( Figure 5D ) in hrp48 7E7-18 oocytes. Importantly, Khc and Dhc appeared to be normally bound to MTs, suggesting that functionality of the MT cytoskeleton was not affected (Figures S10E and S10F) . Altogether, these data indicate that osk mRNA particles are not properly formed in hrp48 7E7-18 oocytes and, consequently, fail to efficiently bind kinesin and dynein for their transport to the posterior pole.
In spite of the reduced association of osk RNPs with MTs, Khc, and Dhc in hrp48 7E7-18 oocytes, export of osk mRNA from the nurse cells occurs. However, this process is not entirely normal, as a more intense osk mRNA staining was observed by FISH in the nurse cell cytoplasm ( Figure 5A ) than in WT egg chambers ( Figure S2A ). This was confirmed at the ultrastructural level, where a higher content of osk RNPs was detected in hrp48 7E7-18 than in WT nurse cell cytoplasm (7.8 ± 0.9 particles per field). Double-labeling revealed that, in the nurse cell cytoplasm, 45% of osk particles colocalize with a-tubulin (not shown), 40% with Khc, and 42% with Dhc (Figures S10G and S10H, red arrows; Table S2 ). Although the association of osk RNPs with the motor proteins is reduced, it appears to be sufficient over time for transport of the majority of osk particles into the oocyte. Taken together, these data indicate that Hrp48 function becomes critical for proper association of the RNPs with their motors once osk particles enter the oocyte.
Btz Regulates the Recruitment of Stau, TmII, and Motor Proteins to osk RNPs
The EJC is deposited on RNAs concomitant with splicing and contains a core of four proteins (Mago Nashi, Y14, Btz, and el-F4AIII), all of which are required for osk mRNA localization at the oocyte posterior pole (Hachet and Ephrussi, 2001; Mohr et al., 2001; Newmark and Boswell, 1994; Palacios et al., 2004; van Eeden et al., 2001) . We focused on one representative EJC component and analyzed btz 2 oocytes. As shown in Figure 6A , FISH experiments revealed that, from stage 9 onward, osk mRNA is dispersed throughout the ooplasm with a moderate enrichment at the oocyte anterior. At the ultrastructural level, small osk RNPs (Table S1) were detected in all regions of the 
cytoplasm with a slightly higher concentration at the anterior in btz 2 oocytes ( Figures 6B, 6C , and S11A). Interestingly, Hrp48 appeared to associate normally with osk RNPs ( Figure S11B ; Table  S2 ), indicating that Btz and Hrp48 associate independently with osk mRNA. In contrast, only 48% of osk particles were positively labeled with Stau ( Figure S11C , red arrow; Table S2 ), and only 12% colocalized with TmII ( Figure S11D ; Figure S12 and not shown), confirming that the EJC is required to recruit motors to the osk RNP.
As in the case of hrp48, in btz 2 a weak but reproducible signal was also observed by FISH in the nurse cell cytoplasm ( Figure 6A ). Consistent with this, EM analysis revealed a greater number of osk particles in nurse cell cytoplasm than in WT (6.3 ± 0.5 particles per field). Whereas osk RNP association with Khc was strongly reduced (27%; Figure S11E , red arrows; Table  S2 ), the association with Dhc (52%; Figure S11F , red arrows; Table S2 ) and MTs (43%; not shown) was less strongly affected. Taken together, our findings indicate a central role of the EJC in the recruitment of Stau and motors to osk mRNA.
Staufen Regulates the Release of osk RNPs from the Oocyte Anterior Staufen regulates both the localization and translation of osk mRNA in the oocyte (Micklem et al., 2000; St Johnston et al., 1991; van Eeden et al., 2001) . In stau D3 oocytes at stage 9, the bulk of osk mRNA accumulates at the anterior, although trace amounts of the mRNA can be observed at the posterior pole ( Figure 7A ; van Eeden et al., 2001) . Ultrastructural analysis of stau D3 showed that nearly 75% of osk particles accumulate at the oocyte anterior ( Figure 7B ), whereas 10% are detected along the lateral cortex ( Figure S13A ) and 15% at the posterior pole ( Figure 7C) . Thus it appears that nearly 25% of osk mRNA is transported away from the anterior in stau D3 oocytes. Interestingly, we noted that osk particles at the anterior are larger in stau D3 than in WT oocytes (Table S1 ), although they are of similar dimensions in the nurse cells ( Figures S13E, S13F, 2F, and 2G ). This suggests that the RNPs undergo some degree of coalescence at the anterior in stau mutant oocytes, possibly due to the abnormally high concentration of osk mRNA in this region.
Finally, the loading of Hrp48, Btz, and TmII on osk mRNA appeared unaffected in stau D3 oocytes, indicating that Stau acts downstream of these proteins in RNP assembly (Figures S13C and S13D, arrows; Table S2 ). In contrast, only 48% of particles colocalized with Khc ( Figure 7E , red arrows; Table  S2 ), 52% with Dhc ( Figure 7F , red arrows; Table S2 ), and 67% of the RNPs were located near MTs ( Figure 7D , dashed red circles), revealing that Stau has a role in recruiting and/or stabilizing the MT motor proteins on osk RNPs.
DISCUSSION
Evolution of osk RNPs in Transport from the Nurse Cell Nuclei to the Oocyte Posterior Pole We have shown that osk mRNA is synthesized in the nurse cell nuclei, where it assembles into small particles comprising Hrp48 and the EJC, which are recruited independently to the RNA. The particles are then exported into the nurse cell cytoplasm where, upon loading of Stau, whose association is partially EJC dependent, they recruit both dynein and kinesin and associate with MTs. Upon transport into the oocyte, the small particles transiently reside at the anterior where they are remodeled, in a process requiring Hrp48, Btz, and Stau. During this process, the osk RNPs presumably lose their association with the MTs that mediated their transport from the nurse cells into the oocyte and bind to oocyte MTs for their subsequent transport ( Figure S14A ). From the anterior, small osk particles are transported by kinesin toward the center of the oocyte, where a mixed population of small and more abundant large particles are observed ( Figure S13B ). It is likely that these large particles arise through coalescence of small particles, as a result of their concentration in the center. Once formed, large particles do not appear to shuttle back to the anterior, as they were not observed in this area. Although a transient accumulation of osk mRNA in the oocyte center was previously described as an important step prior to posterior transport (Cha et al., 2002) , a recent live-cell imaging study of transgenic tagged osk mRNA argued against its existence (Zimyanin et al., 2008) . A probable explanation for this discrepancy lies in the different stages of oogenesis at which the analyses were performed. A central enrichment of osk mRNA is indeed detected at stage 8 (present study; Cha et al., 2002) , whereas the in vivo analysis was restricted to stage 9 oocytes. It is possible that the transient central enrichment of osk particles reflects the dynamic organization of the MTs in the oocyte at stage 8.
From the center, large osk particles are transported along MTs toward the posterior pole where they form aggregates ( Figure S14B ). Although a detailed understanding of MT organization will require more sophisticated ultrastructural approaches, such as EM tomography, our study has revealed that MTs are present throughout the oocyte, including the At the posterior pole, osk aggregates form a continuum interspersed among abundant endocytic tubules where Long Osk has been shown to bind (Vanzo et al., 2007) , suggesting that these membranous structures are involved in anchoring the mRNA at the posterior pole. However, endogenous osk RNPs detected throughout the egg chamber are non-membranebound structures that are not associated with any specific intracellular organelle, excluding a direct involvement of membrane traffic in osk localization.
Hrp48 and the EJC Control osk Particle Assembly
Our analysis has shown that the loading of the shuttling proteins Hrp48 and Btz on osk mRNA is independent yet that both are required to generate mature particles that can associate with motor proteins and MTs. In particular, EJC components enhance the association between osk RNPs and TmII, which in its turn promotes the loading or stable association of Khc on osk transport particles. Moreover, in hrp48 and EJC mutants, osk is present in small particles uniformly distributed in the oocyte. It is likely that in these mutants the bulk of the mRNA in the oocyte is transported by cytoplasmic flows, explaining its homogeneous distribution and its failure to coalesce into larger particles ( Figure S14D ). This also explains the 5-fold decrease in the number of actively moving particles observed in EJC mutant oocytes (Zimyanin et al., 2008 ). Our findings demonstrate that the nuclear history of the mRNA is critical for the loading of motor proteins to RNPs. Surprisingly, the association of osk particles with motors and MTs is better preserved in the nurse cells than in the oocytes of hrp48 and EJC mutants, suggesting that the RNPs are remodeled upon entry into the oocyte. Indeed, RNP remodeling in the oocyte is probable, as incoming RNPs must switch from dynein-dependent to kinesin-dependent transport, and presumably detach from the MTs mediating their nurse cell-to-oocyte transport, to oocyte MTs mediating their transport to the posterior pole.
The ultrastructural approach we have taken has also provided insight into the function of the cytoplasmic actin-binding protein TmII in osk mRNA transport. We have shown that TmII associates with osk particles mainly in the ooplasm, consistent with the idea that the RNPs are remodeled upon entry into the oocyte. Surprisingly, in TmII mutant oocytes the association of Khc with osk particles is reduced, suggesting that TmII promotes the recruitment or stability of Khc on osk transport particles.
Staufen Regulates the Release of osk RNPs from the Oocyte Anterior Our ultrastructural analysis shows that Staufen is required for efficient recruitment or stabilization of the MT motor proteins on osk transport particles, explaining the reduced frequency of movements observed during in vivo imaging (Zimyanin et al., 2008) . The residual motors associated with osk RNPs may mediate their binding to the dense MT network at the oocyte anterior but not support their efficient transport, leading to the observed retention of the mRNA in this region. Alternatively, Staufen may have a role in the switching of osk RNPs from MTs mediating their transport from the nurse cells into the oocyte to the oocyte MTs responsible for the final transport of the mRNA to the posterior pole. A failure to dissociate from nurse cell-tooocyte MTs would result in retention of the mRNA at the oocyte anterior. A similar, but less pronounced accumulation of osk mRNA is observed in btz mutant oocytes, where the loading of Staufen is affected.
Khc and Cytoplasmic Dynein Are the Primary MT Motors Actively Involved in osk mRNA Transport We have shown that, in WT egg chambers, nearly 90% of osk RNPs are associated with both Khc and Dhc in the nurse cell cytoplasm and throughout the oocyte. This can explain why Exu-GFP particles, which are thought to contain osk mRNA (Wilhelm et al., 2000) , show accelerated movement in the nurse cell cytoplasm of khc null mutants (Mische et al., 2007) . Indeed, it is likely that kinesin, which is present on the same osk particles as dynein, counteracts the dynein-mediated transport of osk RNPs from the nurse cells to the oocyte (Clark et al., 2007) .
Our analysis of khc and TmII mutants has shown that when osk particles fail to associate with Khc, they also fail to accumulate in the oocyte center at stage 8, undergo only partial coalescence, and mostly accumulate around the oocyte cortex at stage 9 ( Figure S14C ). This indicates that Khc is a key motor transporting osk to the posterior pole. Interestingly, however, in both khc and TmII mutants, osk RNPs retain their association with Dhc and MTs, suggesting that dynein links osk RNPs to MTs also in the oocyte. Our experiments involving live-cell imaging, antibody injection, and MT depolymerization confirm this and show that Khc and Dhc are the primary MT motors actively transporting osk particles. This analysis further suggests that during a single minute, Khc is responsible for active movement of nearly 75% of the particles, whereas dynein mediates the movement of the remaining 25% of particles in the oocyte. We therefore conclude that in khc mutant oocytes, Dhc most likely transports osk particles to the minus ends of MTs at the lateral cortex ( Figure S14C ), and that in WT oocytes, the activity of dynein in osk transport is masked by that of kinesin. Consistent with this, Zimyanin and coworkers (2008) found that the speed of osk particle transport is greater in dhc hypomorphic than in WT oocytes, and previous studies have proposed a role of dynein in restricting kinesin activity (Serbus et al., 2005) . 
In situ hybridization coupled with immuno-EM is now an established technique (Delanoue et al., 2007) that has been successfully used in the present study to visualize the assembly of osk transport particles in the Drosophila oocytes and to reveal the function of the different osk RNP components in this process. As a mechanism for localized protein expression, RNA localization is most powerful when tightly coupled to translational control. Future ultrastructural analysis combined with live-cell imaging is bound to provide new insight into the relationship between the RNA transport and translational control machineries.
EXPERIMENTAL PROCEDURES
Drosophila Stocks See Supplemental Experimental Procedures.
Colchicine Treatment
Virgin flies were collected and kept at room temperature for 36 hr in the absence of yeast, then were fed yeast paste containing 50 mg ml À1 colchicine (Sigma) for 12 hr at 29 C. We monitored the effectiveness of colchicine treatment by observing the position of the oocyte nucleus in the ooplasm.
FISH and Immunofluorescence
FISH and immunostaining were performed as previously described (Vanzo and Ephrussi, 2002) . Digoxigenin-labeled antisense RNA probes were prepared from a full-length osk cDNA. Confocal images were obtained using a SP2 laser scanning confocal microscope (Leica) with a 403 objective.
ISH-EM and Ultrastructural Analysis
For details of the antibodies and concentrations used in this study, see Supplemental Experimental Procedures. ISH-EM was performed as previously described (Delanoue et al., 2007) . For ultrastructural analysis, the oocyte anterior was defined as the area within 2 mm of the oocyte plasma membrane at the anterior pole; similarly, the lateral cortex was defined as the area within 2 mm of the oocyte lateral plasma membrane; the posterior pole was defined as the space contained within 2 mm of the posterior plasma membrane and reaching 8-15 mm laterally (depending on the stage analyzed) from the most posterior point; the rest of the oocyte was considered as oocyte center.
To evaluate the colocalization between osk mRNA and different markers, for each genotype at least 500 particles were analyzed in three to ten different oocytes produced from at least two independent crosses. No significant statistical variability among oocytes was observed. The size of osk particles and aggregates was determined by measuring their longer axis using ImageJ.
The density of osk RNPs in the cytosol of WT and mutant nurse cells was estimated by counting the number of particles in 50 different optical fields, at a magnification of 240003.
All images were acquired using a Philips Biotwin high-voltage electron microscope equipped with a CCD camera.
Live Cell-Imaging and Antibody Injections Ovaries were dissected and egg chambers mounted in halocarbon oil on coverslips. PEP1 anti-Dhc antibody (Li et al., 1994) was injected to abolish dynein function, and anti-HA (Zymed Laboratories) was used as a control. 
